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SUMMARY
A theoreticalpproachasbeenusedto determinethelateralfre-
quencyresponseofa fighterairplaneto sidegustsandtorollingusts
ata MachnuniberofO.7andanaltitudeof ~,000feet. Thefrequency
responseandthepowerspectraldensityofthemotionof‘theairplanein
responsetogustsweredeterminedfortheairplanewithcontrolsfixed
andfortheairplanein ccmibinationwiththreeMfferentbasictypesof
attitudeautopilots.
Theresponseto @t inputsfortheairplanewithcontrolsftied
exhibiteda largeresonanceassociatedwiththeDutchrollmodeofthe
airplane.Whentheairplanewascombinedwiththevariousautopilots,
theadditionofyawdsmpingreatlyreducedtheresonance.Theaddition
ofautopilotcomponentso supplyheadingstabili~androllstability
providedgoodregulationinthattheyawandrollresponsestogustsof
theairplaneweregreatlyreduced.Autopilotsthatcontrolledsideforce
to lowvaluesandthatprovidedgoodcourseresponseto con.mmdsignals .
resultedinlargerollresponsetosidegusts.
A simplifiedtransfer-functionmethodof analysisfordet=man
theresponseoftheairplane-autopilotcombinationswastried,anda
comparisonf theresultsofthismethodandthecomplete,three-degree-
of-freedmethodofanalysisisgiven.Itappearsthatthesimplified
methodcouldbe usedforguststudies.
.
INTRODUCTION
Oneofthefactorsthataffectstheprecisionofsuchflightopera-
tionsas landlngandairgunneryistheresponseoftheairplaneto gust
disturbances.Therefore,itishighlydesirableto studythemotionsof
airplanesandairplane-autopilotcombinationswhichresultfromgustsand
to establishwhichconfigurationsarebestsuitedtominhizethemotions.
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Thepresentpaperis concernedwiththetheoreticallateralfrequency
responseandthepowerspectraldensityofthemotioninresponseto
gustsofa fighterairplanebothwithcontrolsfixedandwiththree
differenttypesofattitudeautopilots.Thepurposeof thepapercan
be statedas:
(1)Thedevelopmentofequationsexpressingairplanelateralfre-
quencyresponsetogusts.Themethodusedfollowsthatdevelopedin
reference1 whichdescribesthelongitudinalresponsetogusts.
(2)Theexaminationfthelateralfrequencyresponsetogustsand
thepowerspec~ densi~ofthelateralresponsetoatmospherictur-
bulenceinan attemptoevaluatetherelativemeritoftheautopilots
incontrollingtheairplane.
(3)- investigationofvsriousimplifiedtransfer-function
methodsofdeterminingtheresponsetogustsoftheairplane-autopilot
combinationa dtheestablishmen&oftheirmerit.
Theresultsarepresentedasplotsofthefrequencyresponseand
powerspectraldensityofthemotionoftheairplsme,bothwithcontrols
fixedandin combinationwiththeautopilots,inresponsetoside-gust
androlling-gustinputs.
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autopilotgain
nondimensional
nondimensional
nondimensional
radiusofgyrationaboutX-axis,k@
radiusof~ation aboutZ-ads, %@
product-of-inertiafactor
radiusofgyrationofairplaneaboutX-axis,ft
radiusof.grationofairplaneaboutZ-axis,ft
lift,lb
rollingmoment,ft-lb
nondimensionaltaillengthparalleltoX-axis,basedonwing
span
nondimensional.distance(paralleltoZ-sxi.s)measuredfromX-axis
tocenterof areaofvertical.tail
massof airplane,slugs
yawingmoment,ft-lb
frequency,cycles/see
rollingangularvelocity,radians/see
yawingangularvelocity,radians/see
wingarea, sq ft
distancemeasuredin spans,tV/b \
time,sec
velocityofairplanewithrespectostillair,ft/sec
velocityalongY-axiswithrespecto stillair,ft/sec
velocityof side-gust(positivegustproducesideslip
toright),ft/sec
sideforce,lb
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angleofattack,radisns
totalsideslipangle,j30+ Bg,ra~=
anglebetweenX-aSs andvelocityvectorV, radians
angleof sideslipdueto sidegust,radians
totalaileronangle,radians
rudderangle,radians
course,radians
relative-densityfactor,m/pSb
airdensi@,slugs/cuft
sidewashangle,radians
angleofroll,radians
nondhensiona.1.rollingust,radians/span
headingoryawangle,radians
nondi.mmsionalcircularfrequency,2ycnb/V,radians/6pan
Slibscripts:
a,r denoteaileronandrudderservos,respectively
c commandSi@
Cg centerofgravity
t verticaltsd.1
wb wing-bodycombination
E errorsignal
.
$> $YP denoteyaw,ro~, andside-forceinformationffeedbackin
autopilotloops,respectively
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Dotoverquantityindicatesdifferentiationwith
Stabilityderivativesareindicatedby subscript
- example,
Mn
cllr=—a*
2V
&z
c1 =—
P b&
2V
Thestabili~systemofaxesis showninfigure1.
5
respectotime.
notation;for
DESCRIPTIONFAIRPLANEANDAUTOPILOTS
Allcalculationsmadeinthispaperarefora present-dayfighter,
jet-propelledairplanewithunsweptwings.A dram oftheairplane
isshowninfigure2. Thisparticularairplaneisusedinthisstudy
becausefrequencyresponsesobtainedfromflighttestsareavailableto
checkthecalculatedfrequencyresponses.Thederivativesandmass
characteristicsoftheairplsnearelistedintable1. Thestability
derivativesareobtainedfromunpublisheddata.
Thethreetypesofautopilotswhicharestudiedin combination
withtheairplanecanbe describedasfollows:
(1)An autopilotdesignatedthetype1 autopilotconibinesyaw
damping(ruddermovesinproportiontoa yawing-velocitysignal),
headingstability(ruddermovesinproportiontoa heaMngerrorsignal),
androllstability(aileronsmoveinproportiontoa roll-angleerror
signal). Thisconfigurationwaschosenforstudybecauseitrepresenta,
insmidealizedform,a typeofregulatorautopilotthatisbeingused
at thepresentime.
(2)An autopilotdesignatedthetype2 autopilotcombinesyaw
damping,rollstability,a signalfromthesidefotcetotherudder
(ruddermovesinproportionto thesideforcetoreducethesideforce),
anda signalfromtheheadingto theailerons(aileronsmoveinproportion
totheheadingerrortocorrectheheadingerrorby rollingtheairplane).
Thisconfigurationwaschosenforstudybecauseitrepresentsa typeof
fightirautopilotbeingusedatthepresent’ime.
.— —-— . ..— —
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(3) h =@ilOt desi~tid thetype3 autopilotcombinesyaw
am, heaQ stabi~w,rollstabil.im,anda signalfromtheside
forcetotheailerons(aileronsmoveinproportiontothesideforceto
tilttheliftvectorinthedirectionofthesideforce.~s cofiiw-.
rationwaschosenforstudybecauseithasgoodresponseinbothheading
andcoursewhena comandisappliedtotheheadingloop.
Theautopilotloopswhichthedifferentautopilotshaveincammon
aregiventhesamegainineachcase.Theseloops,theyaw-damping
loopandtheroll-slxibilityloop,aregiventhegainrecommendedby the
manufacturerofa type2 autopilotforusewithanairplaneofthetype
studiedinthisinvestigation.Sincethereareno otherautopilotloops
placedinsidetheyaw-dampingandtheroll-stabilityloopsinanyof the
autopilotsstudiedthatmaychamgetheiroptimumgainsetting,itis
reasonabletoassumethattheywillhavethesamegainforeachofthe
autopilots.Theheading-stability-loopgdn of thetype1 andtype3
autopilotsisadjustedtogivea closed-loopheadingresponseb rudder
deflectionhavinga dampingratioof0.3(basedontheasswptionof a
singlede~eeoffreedominyawwiththeyaw-dampinggainmentioned
previously).
Onecalculationwiththetype2 autopilotismadewiththegain
relatingtheheadingerrorsignaltotheailerondeflectiona dthegain
relatingtheside-forcesignalto therudderdeflectionsetatthevalues
recommendedby themanufacturerofa type2 autopilot.A secondcalcula-
tionismadeinwhichtheheading-error-signalainisincreasedsothat
thesteady-staterollangleresultingfroma headingerrorforthetype2
autopilotwillequalthesteady-staterollangleresultingfroma heading
errorforthe@ye 3 autopilot.Thisgainadjustmentaffordsa direct
comparisonbetweenthesetwoautopilotsand,inaddition,providesa
rapidcourseresponseineachcase.b thetype3 autopilotthegain
betweensideforceandailerondeflectionis chosentoresultina roll
angleof1 radianfora side-forcesignalofO.O~gacceleration.All
autopilotgainsarelistedintableII.
DESCRIPTIONF GUSTS
!l?wotypesofgustsarestudied- sidegusts,whichaddan ficrement
totheanglesofsideslip,androllingusts,whichhavetheeffectof
addingan incrementtotherollingvelocityoftheairplanewithrespect“
totheairmass. Thesegustsareassmedtovarysinusoidzd.ly.Theuse
of sinusoidaldisturbancesappearstobe appropriateforthestudyofthe
effectsofturbulence,sinceflightdataobtainedinroughairshowthat
thedisturbancesareofanirregularoscillatorynatureandsincesuch
irregularMsturbancescanbe reducedby generalizedharmonicanalysisto
sinusoidalcomponentsofvariousfrequenciesandamplitudes.Inthis
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paperthedisturbancesarerestrictedto sidegustsandrollingusts
inasmuchasreference2 hasshownthatthelateraleffectof turbulence
canbewellapproximatedby gustsofthesetwoforms.Thesegustforms
areconvenienttousesincetheyareexpressedby analyticaltermsthat
aresimilsrtothetermsforthevariables~ and D@ ordimmilyused
ineqwtionsofmotion.Furthermore,references2 and3 showthatthe
relativemagnitudeofthepowerspectraldensityofthesidegusts
diminishesa thesquareofthefrequencyandthattherollingustshave
a powerspectraldensitythatisconstanthroughoutthefrequencyrange
consideredinthispaper.
Thefrequencyrangecoveredinthispapervariesfrom1.2radians
persecond ownto 0.2radianpersecond.Thisrangeextendstowell
abovetheprimaryresonantfrequencyofthesystemstudied.Theupper
13mitrepresentsa gustwavelengththatis stilllargewithrespecto
thelengthandspanoftheairplane.Thelowerlimitof0.2radianper
secondwaschosenbecauseitwasbelievedthat~ormationconcerning
gustfrequencyresponseis oflittleimportanceat lowerfrequencies
inasmuchasthepilotorautopilotcaneasilycontrolthelow-frequency
lateralmotions.However,thelowerlimitistoohighto showcompletely
theeffectsofthespirslmodeoftheairplanewithcontrolsfixed.
METHODOFANALYSIS
EquationsofLateralMotionIncludingGustInputs
Theequationsoflateralmotionusedin thisinvestigationare
similartothosepresentedinreference4. Theusualprocedureisvaried
‘byexpressingseparatelytheforceandmomentcontributionsofthewing-
fuselagecombinationa dthetail.
Theequationswritteninnondimensionalformare
WY+W)”%IN+%:” ,~ I@..+$YP’% + %+ %%%+ ‘%8%.3a
—..—- _—.-. . .. . —.— -..— .—— .—-- —..— ..--— — .—.— . ..—. -——
8~ theseequationsthecoefficientsofthe
(Cy J Cn
etc.
Pt Pt’ )
arebasedonwingarea
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tailforcesandmoments
and~ SPaIl.
Inordertoobtaintheresponseto gustsfromequations(1)the
valuesof ~cg, l% %) !$Cgl=d $Cg mustbe expressedintermsof
thegustinputsandtheairplanemotion.Derivationoftheexpression
fortheseanglesreqtiesconsiderationof theassumedformofgust
disturbanceandthesidewasheffectsatthetail. Thegustdisturbance
isdividedintotwoseparatemodes- sidegustsandrollingusts.
Sidegustsareassumedto consistoflateralsinusoidalvelocityvaria-
tionswithintheairmassatrightanglestothepls.neof symetryof
theairplane.Rollingustsareassumedto consistofrotatingsinus-
oidalveloci~variationswithintheairmassandareassmedtorotate
aboutthepathoftheairplane.At a givenpointintheairmass,the
gustvelocityisassumednotto chsngewithtime,andthewavelengthof
thegustisassumedtobe long.comparedwiththelengthandspanof the
airplane.
Theequationsaresolvedfor v/V, $, and ~ intermsof thegust
velocities.A sidegustwithvelocityVg willchangetheangleof side-
/slipoftheairplaneanamounteqyalto VgV;that“is,Pg‘ vg/v. ~
addition,
airequal
centerof
#
EUuew3.se,
theairplanewillhavean angleo?
W ‘/V;Bo‘ v/V. Thenthetot.d
gravi~is
sidesliprelative6 still
angleofsideslipatthe
thetotalrol~g velocityoftheairplane
as consistingoftherollingveloci~oftherolling
velocityoftheairplaneinstild.air:
Also,
if Cg=-v
maybe considered
ustandtherolling
Theangleofsidesllpatthetdl isassumedtobe a functionofthe
angleofsideslipoftheairplane,thesideslipatthetailduetoyawing “
velocity,andthesidewashangleresultingfromwingliftwhichexisted
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whenthewingwasat a positionowoccupiedby thetail. Thereis,
th&efore,a lagthatoccursdutingthetimerequiredfora givenlift
disturbanceatthewingtomovebackandcausesomeassociatedsidewash
atthetail. Thislagisproportionaltothetimerequiredforthe
airplaneto travel1 taillength.Sidewashcanbe consideredto arise
fromtwosources:sidewashdueto sideslip,both f30and ~g;and
sidewsshduetorollingvelocity,both I@ and D@g. Esti&tionsof
sidewashmagnitudearegiveninreferences~ and6. Theeffectof ~g
atthetailisassumedto lagbehindtheeffectof Pg atthewing.
Thislagdescribesthefactthata givengustdisturb~ceisencountered
at thecenterof,gravitypriortobeingencounteredatthetail. The
expressionforangleof sideslipofthetailexpressedinnontiensional
notationis
13t=Po-qtf-
(%)s.z; (“%)S=-Z:
(A!3)s=-zx- (@s=+ - (@&)s=-zx (2)
Therollingvelocityofthetailisassumedtoeqyaltherollingvelocity
oftheairplamandtherollingvelocityofthegust,withlagtorepre-
senttheeffectmentionedpreviously:‘
@t= Do+ (%Js=-l
x
(3)
Theconstantimelag -lx isexpressedas 1 - lxD, whicharethe
firsttwot-e~ ofa power-seriesxpansionfora constantimelag.
Usingtheexpression1 - lxD to denotelagin sidewashasbeenshown
to agreeverywellwithexperimentalmeasurementsof laginsidewash.
..—.- ..—-—.._ —— _. ..._ ___ ___ ___
- ———.—- ——— —— .—.—
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Includingtheselageffectsisanimprovementover
whichhaveneglectedtheseeffects.Fora fighter
conditionsu edinthispaper,thelageffectsare
tionsaresetup in completeformforpossibleuse
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.
previouscalculations
airplaneintheflight
negligible.Theequa- .
wheretheeffectsmay
bemoreimporbant.Thelagin side~mshtermsmaybe hportantforair-
planeswithsweptbackwingsor atflightconditionsrequiringhighlift
coefficients.Thelagingusteffectatthetailisimportantforlarge
airplanes,airplanesatlowvelocity,orairplaneswithlow-density
ratios.
velocity
fiese-termscanbe included-withverylittle
expressionforangleofsideslipofthetail
ofthetailcannowbewrittenasfollows:
addedcomplication.
andtherolling
*(au(l- ZXD) - $ 1 - ZXD) -Dj@$(l - ZXD)%% (4)
and
@t’@+@gp-z. D) (5)
Substitutingtheexpressionsfor peg, f3t,WLg> and D@t into
theeqtitionsofmotion(eqs.(1))gives
(6)
.
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where
Cy ( 9~“%%b+%%l- ~
2(-@Jc%=%b+k%
Notethat
= 22zcy
C%t M
k“c~b+%.+$)
%%C%”2Zt
c%%= 22zcnP*
11
The termsinvolvingDpg and ti2$gontheright-handsideofequa-
tions(6) resultfromthelagin sidewashandfromthelagbetweenthe
effectsofa guston thewingandonthetailastheairplanepassesa
givenpointintheairmaEs.
. .-. .—. . ...-— .—— ....- .. .._ _.. _ ______ ., ,.. _____ ___
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CalculationfResponseto SinusoidalGustDisturbances .
Airplanewithcontrolsfixed.- To determinethesteady-stater sponse
oftheairplaneto a sinusoidalgustdisturbancewhenthecontrolsare
fixed,termsinvolving~ and 5a areseteqti to zero.Theequations
ofmotioncanthenbe solvedsimultaneously(forexsmple,by themethod
ts) to obtainthemiables j30,v,ofdeterminant and @ intermsof
$g and @g”-Thes&ady-stateresponsetoa sinusoidal.inputcanthenbe
foundby substitutingD = im intotheresultingexpressions,whichzre
kaownasthetransferfunctions.
Airplane-autopilotconibinations.- A secondaspectoftheairplane
gustresponsestudiedwasthemotionsoftheairplanencounteredwhen
autopilotloopswereincorporatedintheairplaq.etoregulatesomeofthe
vsriables.Of themamymethodsofanalysisavailablefordeterminingthe
responseofanairplane-autopilotcombination,twomethodswereused:
anapproachusingtheequationsofmotionandanapproachusingccznponent
transferfunctions.ForeachcalculationtheautopilotservomechanismE
wereassumedtohaveperfectresponse(nolsgandconstantsmplitude)over
therangeoffrequenciesofinterestinthecalculationsoftheairplane
response.Therefore,thetransferfunctionsoftheautopilotservowere
expressedasgains.
Intheequation-of-motionmethodof calculation,theeffectsof the
autopilotloopswereincludedasequivalentstabilityderivatives.This
substitutionwaspossiblebecausetheassumptionof a perfectservomakes
theforcesandmanentsappliedby theautopilotontheairpkneexplicit
functionsofthemotionoftheairplane.A three-dewee-of-freedom
responsefortheairplaneincludingtheseartificialstabilityderiva-
tivesWasobtained.Theana@is wasnotsignificantlymorecomplicated
thanthatrequiredto obtaintheresponseoftheairplanewithcontrols
fixed.Thecalculationwasrepeatedfortheairplanein combinationwith
eachofthethreeautopilotsdescribedpreviously.Theequivalentsta-
bilityderivativesarelistedintableIIbesidetheautopilotgainsfrom
whichtheywerederived.
5e transfer-functionmethodofanalysisalsowasusedinthis
investigationtopresentexsmplesoftheapplicationfthistypeof calc-
ulationinthedeterminationoftheresponsetogusts.ThiSmethodiS
veryusefultoengineersinestablishingoptimumautopilotgains,since
itaffordsa directstudyoftheeffectsofgainchangeonthesystem.
Themethodisalsousedforcasesinwhichtheoperationoftheautopilot
cannotbe expressedanalytically.Manyttiesin suchcasestheactual
autopilotequipmentisusedticonjunctionwiththeanalog-computing
equipment.
.
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Thetransfer-functionmethodis carriedoutby combiningthetransfer
functionsoftheairplanewiththetransferfunctionsoftheautopilotin
a mannerthatisdiscussedinreference7. A blockdiagrsmillustrating
thismethodisshowninfigure3. h general,thetransferfunctionofan
actualautopilotservowouldbe frequency-vaiiantandwouldbe expressed
by a functionof secondorder,orhigher.However,aswasstitedbefore,
theautopilotservosareassmedtobe‘perfectsincestudyoftheeffect
ofvariationsof-servoperformancewasconsideredbeyondthescopeof the
presentinvestigation.
Evenwiththissimplifiedasswnptionfortheautopilotservos,the
combinationfa three-degree-of-freedomairplanewithanautopilot
accordingtotheschemeshowninfigure3will resultina.systemtrans~
ferfunctionhavingpolynomialsofapproximatelythefourteenthorder.
Ifservodynsmicswereincluded,theorderof thetransferfunction
wouldbe evenhigher.
Sinceitisverydifficultto studyparameterchangewithtransfer
functionsofthiscomplexi~,variousimplificationsweretriedinan
attemptofindthesimpliestformof systemtransferfunctionthatwould
giveananswerconsistentwiththeresultsobtainedfromtheanalysisof
theequationsofmotionpreviouslydiscussed.lktailsoftheseshplifi-
cations are givenintheappendix.
A comparisonftheeqyation-of-motionmethodofanalysiswiththe
transfer-functionmethodis interesting.Theequation-of-motionmethod
usingtheartificalstabilityderivativesandthetransfer-function
methoddescribinga three-degree-of-freedomairplaneandusingthesim-
plifiedassmrptionsfortheautopilotservosbothexpressthesamessmtem:
,
theonlydifferenceisthattheequation-of-motionm_&hodresultsin-a
systemtransferfunctionofthefifthorderandthetransfer-function
methodresultsina systemtransferfunctionofthefourteenthorder.
Thesefactsleadtotheconclusionthattherearefactorsinthenumera-
toranddenominatorf thesystemtransferfunctionobtainedbythe
transfer-functionmethodthatcouldbe extractedsoastoreducethe
order.However,extractionofthesefactorsistoodifficulttobe”useful
in simpliQ5ngthemthod.
CalculationfPowerSpectralDensityofAirplaneMotion
Thepowerspectraldeqsityofthesidegusts Bg andtherolling
gust D@g werederivedfromreference2 andareplottedtifigure4.
Thesquareof thefrequencyresponseto pg and D@g ofthemotionof
theairplaneasobtainedbytheequation-of-motionmethodwasmultiplied
by thecorrespondingpowerspectraldensityofthegustto determinethe
powerspectral.densityofthemotionoftheairplane.Thesecurveshave
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beenstopped-atthelow-frequencylimitatwhichthevariationofthe
powerspectraldensityforthesidegustsappearstobreak.Recent
informationi dicatesthatthisfallingoffoccursatgustwavelengths
ofapproximately6,OOOfeet.
CalculationfFrequencyResponsetoConmandInputs
.
General.- As a pointofadditionalinterest,theheadingresponse
to a headingccmmsndandthecourseresponseto a headingccmmand forthe
airplane-autopilotcombinationsarealsocal.culated.Thecomnandresponse
consideredinthispaperis onethatresultsfromapplyirigthecamnandto
theparticularautopilotchannelthatisusedtoregulatethevariable
beingcommanded.Inthecaseofpilot-appliedheadingor coursecomands
forthetype1 autopilot,hismethodisnotusuallyusedbecausesuch
‘commandsareappliedto theaileronloopwhiletheheadingregulation
suppliedby theyawloopisrenderedinoperativeduringthecormnendoper-
ation.Whenccmmandsresultfromtyingtheairplaneto anexternalref-
erence,suchasradartrackingofa targetorbesmfollowing,itisnot
possibletoutilizeseparateloopsforcommandandregulation.~stem.s
inwhichthesaneloopisusedforcomnand andregulationareconsidered
herein.
Type1 autopilot.-Theheadingresponseundertheforegoingcondi-
tionsforthetype1 autopilotmaybe determinedastheresponseto a
rudderdeflection,andthecoursere$ponsemaybe determinedasthe
responseofthepathoftheairplaneto a rudderdeflection.Theheading
response$/Vc is determinedby usinga rudderinputintheeqwtionsof
motion,similartotheprocedureusedto determineheadingresponseto
sideWts $/Pg. Theexpressionforthecourseresponseto a heading
conmandis developedasfollows:
K=V*PO
()11++=‘lfC .
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where ~o/v istheratioofthequantitiesj30/~and ~/&, whichwere
obtainedfromtheequationsofmotion.
Type2 autopilot.-~ determiningtheresponsetoa headingcommand
forthetype2 autopilot,theheadingsignalsgototheaileronloop.
Withthelateralforceheldto smallvaluesby theside-forcecomponent
oftheautopilot,theresult~ head3.ngandcoursechangesarethesame.
Theseresponsesareobtainedbyassumingthatthehorizontalsideways
force,horizontalacceleration,andconsequentlytherateof chsngeof
headingandcourseareproportionalto theroll.angle@. Thehorizontal
sidewaysaccelerationisinte~atedto obtainthechangeinheadingor
course.Thedevelopmentoftheequationsof@se relationshipsisas
follows.Theopen-loopresponseof @ totheerrorsignalis
Therelationshipbetween~ and @ is
.
,-:
_—
Therefore,theclosed-loopresponsetoa headingcommndis
.
(7)
..—. .—-.. .——..—.-—- — .———-— —.—-. .— - ..——— —
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Type3 autopilot.-Theheadingresponsev/vc fortheairplanein .
combinationwiththetype3 autopilotisobtainedinthesamemamneras
forthetype1 autopilot.U orderto determinethecourseresponseto .
a headingco?mnand,theopen-loopresponseof @ totheerrorsignal$e
isobtainedbyincludinga signalintherollequationthatresultsfrom
thecouplingof sideforcetoailerondeflectionftheautopilot.This
signal,whichis similartoanequivalentstabilityderivative,isgiven
intableII. Theresultingvalueof @/we istreatedinthesameway
asforthetype2 autopilotcase.Thehorizontalsidewaysacceleration
wasassumedtobeproportional.to @,andthisaccelerationwasintegrated
to@ve thechangein course.Tbi.sopen-loopresponsewasclosedwitha
unityfeedbackto givevaluesof Oc .
lwsml’s
FrequencyResponseofAirplaneWithControlsFixed
Theresponseto sidegustsandtorollingustsoftheairplanewith “
controlsfixedisshowninfigure~. Theseresultshowthat,at low
frequencies,theyawresponseto sidegusts~/f3gisapproachinga value
of1.0;t~s trendfi&i.catesthattheairpl~eyawsintothegust. The
sameresultcanbe statedanotherwayby sayingthat f3isapproaching
zeroatlowfrequencies.Therollresponseto sidegusts@/$g ispri-
marilytheresultofthe CZP coupling..A largeresonanceoccursat the
frequencyoftheDutchrolloscillationftheairplane.Thesame
resonanceappearsintheresponsetorollingusts.Theseresonance
peaksareduetothelowdampingoftheDutchrollmode,a characteristic
thatisfairlytypicalofpresent-dsyfighterairplanes.Moreover,the
rollresponseto sidegustsis largerthantherollresponsetorolling
gustsatthepeakfrequencywhereasthecomparisonisreversedathigher
andlowerfrequenciesbecausetheDutchrollM& isexcitedmoreby side
guststhanby rollinngusts.
lRrequencyResponseofAirplane-AutopilotCombinations
Type1 auto-pilot.-Thefrequencyresponseoftheairplaneincombi-
nationwiththetype1 autopilotis showninfigure6. Whentheairplane
wascombinedwiththetype1 autopilot,theresonantpeaksthatwere
presentintheresponsesoftheairplanewithcontrolsfixedweregreatly
reduced,ad theamplituderatioofthe V/@g responseswasreducedby a
factorofapproximately10inthelowfrequencyrange.Theadditional
headingstabilityprotidedbytheautopilotappro-tel.ydoubledthepeak
frequencyofthe $/13gresponseoverthatoftheairplanewithcontrols
.
\
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fixed.Sincetheairplanewasrestrainedfrm headingintothegust,
~ wasincreasedbeyondthevaluesfortheconditionoffixedcontrols,
and,in spiteofthefactthattheautopilotstabilizedtheairplanein
roll,anincreaseinthe @/Pg responseresultedat lowfrequencies.The
rollresponsecouldbe reducedby increasingtherollloopgain. The
rollgainusedinthiscalculationisrelativelysmall,and,withsome
typesofautopilotservosinpresent-dayuse,a highergaincouldbe
usedwithoutencounteringobjectionablecharacteristics.Therollsta-
bilityaddedby theautopilotproduceda newresonantpeakfortheroll
responseata frequencywhichisnotverydifferentfromthatofthepeak -
oftheairplanewithcontrolsfixedduetotheDutchrolloscillation.
Therollresponsetorollingusts @/D@gwasgreatlyreducedatlow
, frequenciesby theautopilot.
Theresultsof calculationsofa s~lifiedblockdiagramalsoare
plottedinfigure6 forcomparisonwiththeresultsofthethree-degree.
of-freemmequationofmotion.Theamplituderatioandthephaseangle
oftheyawresponsetorollingusts~/l@g atlowfrequenciesforthe
simplifiedcalculationdonotwee withthoseforthethree-degree-of-
freedomcalculation.Thepredictedamplitudeinbothcasesis small,
andthisfactisprobablythereasonforthepooragreement.lil_though
insomeapplicationsoffrequency-responsetechniques- forexample,in
thestudyoftheopen-loopresponseofa mechanism- such’sphase-angle
errorwould‘beunacceptable,thephaserelationshipsarenotbelieved
tobeparticularlysignificantwhengustimputsareconsidered.
Inaddition,thecontrol-deflectionfrequencyresponseas calculated
by thetransfer-functionmethodisalsoplottedinfigure6. Thefigure
showsthatthereareonlysmallvariationsinamplituderatioandphase
anglewithfrequencyup tothepeakfrequency.At higherfrequenciesthe
inertiaeffectsattenuatetheairplaneresponse,andconsequentlythe
controldeflectionsarereducedalso.
Type2 autopilot.-Whentheairplaneis combinedwiththetype2
autopilotwiththelowervalue(~= 23volts/raU=)fortheautopilot
couplingbetween$ and SW theresponsetoa sidegust,as shownin
figure7, inticatesthattheresonantpeaksha~ebeengreatlyreduced.
Thelow-frequencyvaluesof ~/~g arethessneasfortheairplanewith
controlsfixed;thesimilarityistobe expectedsincetheside-force
componentoftheautopilotaidstheairplaneinturningintothegust.
Thevaluesof @/~g areincreasedatthelowfrequenciesby theauto-
pilotcouplingbetween~ and @. Theplotoftheresponsetorolling
gusts(fig.7(b))showsthattheincorporationofrollstabili~has
reducedthe @/D@g responseat lowfrequencies.me $/@g response
issmall,althoughitissomewhatgreaterthanthatobtainedwiththe
type1 autopilot,particularlyatlowfrequencies.Onceagainthe
.
.-
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resultsofthesin@ifiedblock-diagrammethodareplottedwiththe
resultsofthethree-degree-of-freedomquationofmotionforcomparison.
Itcanbe seenthatsomediscrepanciesoccw inthetwocalculationsfor
+/@g“ Thecontrol-deflectioncurves howa rapidincreaseinrudder
smplituderatiowithincreasein gustfrequency.Theaileronsmplitude
ratioforsidegustsfollowsthevariationof $/pg andhasthesame
phaseangle.Boththevariationsof @/D@gand baD@g ascalculated
Iby thesimplifiedmethodareexactlythesameasforthetype1 autopilot.
Whentheautopilotcouplingbetween~ and ba isincreased
(~=MA volts/radisn), the @/$g response isalsoincreased.(See
fig. 8.) Thiscoupling,discussedsubsequently,wasincreasedtopro-
videbetterheadingresponseto a headingcommand,andthisheading-
responseimprovementisobtainedattheexpenseofa higheramplitude
ratiofor @/@g.Theeffectofthelargerollanglesthatoccurat low
frequenciestiththetype2 autopilotcausesa reductioninthe ~/~g
response.Thesimplifiedblock-disgrsmmethodofcalculatingw/&
@/@g, -d V/@g iSt~ S= asfort~ case@th K$ = 23volts/ra~m. ‘
Theeffectofthelmge rollresponseto sidegusts,whichwasignoredin
thes~lifiedcalculations,resultsin discrepanciesbetweenthesimpli-
fiedsolutionsandtheeqmtion-of-motionsolutionsatlowfrequencies.
ll?ype3 autopilot.-Theresultsoftheairplanein combinationwith
thetype3 autopilotareshowninfigure9. Thecouplingbetweenside
forceandailerondeflection,whichwasincludedtoprovidegoodcourse
responsetoa headingcmmnand,causeda largerollresponseto sidegusts
to occur.The v/f3gresponseisthessmeasfortheairplanein combi-
nationwiththetype1 autopilotwiththeexceptionthatthelargeroll.
anglethatoccursatlowfrequencieswiththisconfigurationcausesa
reductioninthe ~/Pg response.Theresponsetorollingustsis,in
general,ofthesameorderofmagnitudeasfortheothercombinations.
Thesimplifiedblock-diagrsmolutionsfortheairplanein combina-
tionwiththetype3 autopilotareinpooragreementwiththeequation-of-
motionsolutions.Thesimplifiedsolutionfor $/~g isinerrorbecause
it”didnotaccountfortheeffectsofthelargerollanglesthatoccur.
Thesolutionfor @/$g isinerrorbecausethesimplifiedxpression
for $/f3gis includedintheexpressionfor @/Pg;and,becauseofthe
largecouplingbetweensideforceandrollangle,thesolutionof @/13g
isverysensitiveto smYerrorsin .#/~g.Thus,eventheminorerrors
inthes@lified V/f3gresponseathighfrequenciesarereflectedas
lsrgeerrorsinthe @/$g response.A modifiedsolutionfor @/~g,in .
whicha three-de~ee-of-freedom~/~g response,wheretheyawlooPsof
theautopilotwereincludedas equivalentstabilityderivatives,dldshow -
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goodagreementwiththeequation-of-motionsolution.(Seefig.9.) The
modifiedsolutionalsodemonstratedthereasonfortheunusualshapeof
thefrequency-responsecurvefor @/~g. Theincreasein @/~g with
frequencyatlowfrequenciesi causedby theincreaseinsideforcedue
to sideslipandthecouplingbetweensideforceandrollangle.Abovea
frequencyof0.1radian/span,thesideforceduetorudderdeflection
increasesrapidlyandwithan oppositesignfromthesideforcedueto
sideslip,untilat m . o.= ra~~/sp~ the two effectsapproxhati~
cancel.At frequencieshigherthan u = 0.22radian/spqn,theside
forceduetorudderdeflectionandthesideforcedueto sideslipbecome
inphase;theresultis anincreasein sideforceandconsequentlyin
$/Pg.Thisincreasecontinuesuntiltheinertiaeffectsattenuatethe
response.
Thesim@ifiedsolutionsfor ~/D@g and @/I@g areidenticalto
thesolutionforthetype1 autopilot,butareinonlyfairagreement
withtheequation-of-motionsolutions.Amodifiedsolutionfor @/D@g
similsrto thatdescribedfor @/$gjaJ.sosh~ tifi~e 9)gavea
responsethatwasingoodagreementwiththeequation-of.-motionsolution.
PowerSpectralDensityofAirplaneMotion
Thepowerspectraldensityofthemotionoftheairplaneinresponse
togustsisshowninfigure10. Theseplotsemphasizethegreaterela-
tiveimportanceofthelow-frequencyside-gustcomponentsovertheh.igh-
frequencycomponentsandthegreaterelativeimportanceofthe.sidegust
overtheentirefrequencyrangecomparedwiththerollingustsinpro-
ducingmotionsoftheairplane.Theareaunderthesecurvesoverany
particularfrequencyisproportionaltothemeansquareofthepsrtof
theairplanemotioncontributedbythosefrequencies.Asidefromthese
generalconclusions,thepwer-spectral-de~i~plotsa~o sh~ thevari-
ationsbetweenconfigurationsthatwerenotedpreviouslyinthediscussion
onthefrequencyresponse.Thesesimilaritiesxistedinthecasescon-
sideredinthispaperinasmuchasallcomparisonsweremadeforrestricted
frequencyranges.
SummaryofResultsontheResponsetoGusts
Whentheairplanewascombinedwiththevariousautopilots,in alJ-
casestheDutchrollresonancewasgreatlyreduced.Theheadingstability
providedbythetype1 autopilotmaintainedgoodregulationinyaw,but
theincreasein sideslipat lowfrequenciesresultedina moderateincrease
inrollresponseto sidegusts.Thisrollresponsecouldhavebeen
reducedifgreaterd.1stabilityhadbeenprovidedby.theautopilot.The
responsetorollingustswaswellregulated.Whentheairplsnewascom-
binedwiththetype2 autopilot,theairplsneyawedintothegustto
----- . . . -.—— .— .-— ._._.. —.- —.——— ___ _.. _. _____ ______ ____
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reducesidesli.p,=d thecouplingbetweenheadingerrorandailerondeflee- -
tioncausedlsrgerollresponseto sidegusts.Theresponsetorolling
gustswasapproximatelythesameasforthetype1 autopilot.Whenthe
airplanewasco~inedwiththetype3 autopilot,goodregulationinyaw -
WaSmaintained.Thecouplingbetweensideforceandailerondeflection
causedlargerollresponseto sidegusts.TheresponsetorolJd.nggusts
wsswellregulated.
‘ Response.toHeadingCmnandsforthe
Airplane-AutopilotConiMna.tions
Inorderto completemorenearlytheinformationnecessaryfor
evaluationfthetifferentautopilotsUscusedinthispaper~ the
responsetoheadingcomandsforeachoftheairplane-autopilotcombina-
tionsisalsogiven.Theheadingresponsetoa headingcommand forall
casesisplottedinfigure11,andthecourseresponseisplottedin
figure12.
Theexcellentheadingresponsetoa headingcomandfortheairplane
incombinationwiththetype1 andtype3 autopilotsisillustratedin .
figure11. Eachmaintainsanamplituderatioofapproxhately1 outto
frequencieswellbeyondtheDutchrollfrequencyofthebasicairplane.
Theheadingresponseoftheairplanewiththetype2 autopilotisthe
poorest.However,increasingthecouplingof ~ to # improvesthe
headingresponse.Thelargervalueofthecouplingof ~ to @ usedin
thecalculationswaschosentogivethesamestaticratioofrollangle
toheadingcmmnand as thetype3 autopilot.Therefore,thefrequency
responseforthesetwocasescanbe comparedirectly.
A comparisonfthecourseresponsetoheadingcomman& forthe
threeautopilots(fig.12)indicatesfastercourseresponseforthe
type2 andtype3 autopilotsthanforthetype1 autopilot.Thereason
forthisdifferenceisthatforthetype1 autopilotonlysideforceis
availableforproducinghorizontal-pathchanges,since,asWaSe~lained
before,inthepresentstudytheccmmand wasrestrictedtotheyawloop.
Forthetype2 andtype3 autopilotsheliftforceistiltedtoprovide
a horizontalcbmponentofacceleration.Thetype3 autopilotcombines
boththegoodheadingresponseofthetype1 autopilot,by includingthe
sameheading-stabili~loopasthetype1 autopilot,audanexcellent
courseresponse,by addingthecouplingbetweensideforceandrollangle
whichtiltstheliftvector.
Inmanyflightoperations,itis desirabletohaverapidcourse
responsetoautmnaticlateralcommands,suchasforrocket-armedfighter
operationsorforbeamriding.Itis alsodesirabletoregulatesideslip
duringpilot-conmsndedlateralmaneuvers.However,themethodsincor- .
poratedtoprovidegoodcourseresponseand
autopilotconfigurationsconsideredinthis
toregulatesideslipinthe
paperresultin largeroll
.
“,
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responseto sidegusts.Itmightbepossibletoprovidea dud modeof
operationthatwouldprovidesideslipregulationatlowfrequenciesand
headingregulationathighfrequencies.Since~ . PO atti@ frequen.
ties,thisarrangementwouldprovidesideslipregulationthroughoutthe
frequencyrangeinsofa ascomandmaneuversareconcermedsmdwould
avoidthelargerollmotionsthatoccurbecauseofhigh-frequencyside
gusts.
CONCLUD~GREMARKS
In developingtheequationsofmotionasusedinthisDarnerto
expressmotiondueto~-ts,termsinvolvingsidewashatth~‘&iland “
expressinglageffectofthegustat thetailwereused. However,for
theairplaneconfigurationusedinthesecalculations,thesetermshad
littleorno effectandcouldhavebeenneglected,Forairplsneswith
sweptbackwingsorforhighvaluesofUft coefficient,hesetermsmay
becomesignificant.Thelagtermwhichrepresentshelagtigusteffect
atthetailmaybe hportantforlargeairplanes,airplanesflyingat
lowspeed,oraiplaneswithlow-demi~ratios.
Theresponseoftheairplanewithcontrolsfixedexhibiteda large
resonanceassociatedwiththeDutchrollmode. Thisresonanceresponse
wasparticularlynoticeableintherollresponsetosidegusts.This
featureofa poorlydampedDutchrollmodethatisexcitedby sidegust
istypicalofpresent-dayfighterairplus. At low frequenciesthe
airplaneyawedintothegustsandreducedsideslipduetogusts.
Forcasesinwhichvsriousattitudeautopilotswerecombinedwith
theairplane,thefollowingchangestotheresponseoftheairplanewith
controlsfixedarenoted:
(1)Whentheairplanewascombtiedwithanautopilotthatsupplied
yawdamping,headingstability,androllstability,theincreasein side-
slipat lowfrequenciesresultedina moderateincreaseinrollresponse
to sidegusts.Theheadingstabilitymaintainedgoodregulationinyaw.
(2)Whentheautopilotsuppliedyawdamping,rollstability,a
couplingbetweentheheadingerrorandtheailerondeflection,anda
couplingbetweensideforceandrudderdeflection,theairplane.yawed
intothegustinordertoregulateside fordeand,consequently,side-
Slip. Thecouplingbetweenheadingerrorandrollanglecausedlsrge
rollresponseto sidegusts.
(3)~en theautopilotsuppliedyawdaqping,headingstability,roll
stability,anda couplingbetweensideforceandaileron.deflection,the
headingstabilityagainmaintainedgoodregulationinyaw. Thecoupling
betweensideforceandailerondeflectioncauseda largerollresponse
to sidegusts.
. .
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(k) Inallthreecasestheyawdampingeliminatedtheresonant
Dutchrollresponsetogusts.Also,inallthreecasestherollresponse
torollingustswasapproximatelythesame,withtherollstabilityadded
by theautopilotmaintaininggoodregulationinroll.
~ thelasttwocases,thetype2 autopilotwitha heading-stability
gainofIlkvolts/radiandthetype3 autopilot,thefeaturesthatpro-
ducedgoodcourseresponsetoheadingcommandscausedlargerollresponse
to sideguststooccur;thisresponsewasin contrastothebetterroll
responseoftheairplanein combinationwiththetype1 autopilot.
Thesimplifiedmethodof calculationpredictedtheimportantmotions
oftheairplanewithgoodaccuracy.Somediscrepancieswerenotedinthe
predictedamplitudeofthesmallmotio~. However,sincethe trendsof
thechangesinthemotionoftheairplanewithchangesinautopilotcon-
figurationwereaccuratelypredictedandstncethepeakfrequencieswere
accuratelypredicted,itappearsthatthesimplifiedmethodcouldbe
usedforguststudies.
.
LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,
LangleyField,Vs.,October28,1955.
.
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CAICUIATIONFFREQUENCYRESFONSEOFAIRHANE-AUTOPITAYI
COMBINATIONSBYTRANSFER-FUNCTIONMETHOD
Thedetailsofthesimplificationsa dthestepsin calculatingthe
frequencyresponseof theairplane-autopilotcombinationsby the-&ansfer-
functionmethodofanalysisaredescribed.Thes*lificationsthatwere
examinedgenetallyconsistedinattemptingto decreasethenuriberof
‘termsinequations(6)by reducingthedegreesoffreedominvolvedin the
calculations.Motionsotherthantheparticularonebeingstudiedwere
ignoredeitherbecauset%eyweresmallorbecausetheywerecontrolledby
somecomponentoftheautopilotand,therefore,didnotinfluencethe
motionoftheairplaneinthemodebeingstudied.Theass~tion thata
particularmotioncanbe ignoredbecauseitis controlledby somecompo-
nentoftheautopilotis sub~ectotheperformanceofthatcomponent.
Theloopgainmustbe largeenoughtoregulatethevariabletoa point
whereitcanbe ignored,andthedynsmicsoftheloopmustbe goodenough
toprovidethisregulationthroughoutthefrequencyrangebeingstudied.
Typel Autopilot
Fortheairplaneincombinationwiththetype1 autopilot,he
responsesin ~, @, ~, ad ba b sidegustsandrollingustswere
calculated.Ablockdiagramoftheautopilotsetupis showninfigure13.
Sincetheairplanewascontrolledinroll,freedominrollisignored
whencalculating~/fJg. Also, sincethesideforceoftheairplanewss
smallin comparisonwiththeyawingmomentson theairplane,freedomin
lateraldisplacementis ignored,and ~ isassumedtoequal -PO. On
thisbasis,*/~g ad ~/&- forthea@d_anewithno autopilotysw
componentsareobtainedby consideringanairplanewttha siagledegree
offreedcminyaw. Thisairplanewasconibinedwiththeautopilotcompo-
nentsas showninfigure13toobtaintheresponseof thecontrolled
airplane.
Inorderto obtain@/fjgforthecontrolledairplane,thestrong
couplingbetween@ and f3dueto dihedraleffectmustbe considered.
Inthiscase,since@ is controlled,freedominyawandlateraldis-
placementareignored,andboth ~ and PO areassumedtobe equalto
zero.Then,fromtheshplifiedrollequation(obtainedfromeqs.(6))
an expressionfor @/~ oftheairplanewithcontrolsftiedisdetermined.
If ~ isassumedequalto f3g,thequti@ @/Bg forthetirpl~e
. .. .. . . . . . . ....—_.. .——— —— _____ . . —.— -.-.-—.—-z—y— .
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withoutrollcontrolcanbe determined.Thisresponseof
to PE isaddedtothesingle-degree-of-freedomr sponse
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theairplane .
oftheairplane
to 8= ina mannerindicatedby theblockdiagramoffigure13togive
thecontrolled-airpl~eresponseto pg. W ass~tion that ~ = ~g
willbe ticreasinglyinerrorasthefrequencyisreducedbecausethe
airplanewilldriftwiththegustatverylowfrequencies.However,at
U= 0.01radians/spanthisassumptionisstillaccuratenoughfor
practicalpurposes.
m thedeterminationof-tMroll.res~o~etoro~@ gusts@/D~g~
thefreedomsinyawandlateraldisplacementareignoredforthereasons
givenpreviously,andtheresponseisobtainedby consideringanairplane
witha singledegreeoffreedominroll.incombinationwiththeautopilot
loopsas showninfi~e 13(b).
-Inorderto obtaintheyawresponse$ torol-g Wts L@g,*M
couplingsbetween@ and ~, @ and ~,and p snd $ mustbe con-
sidered.Therefore,anexpressionfor $/@ containingthesecouplings
isdeterminedfromthesimplifiedyawandside-forceequations(obtained
fromeqs.(6)).‘lhisexpressionisusedtorelatethehomogeneous
responseof ~ to #. Thisresponsein ~ isaddedtoa single-degree-
of-freedomyawresponsetorudderdeflection,inwtichtherudderdeflec-
tionis controlledby theyawcomponentsoftheautopilot,asisshown
infigure13. TIE $/@g responseisthe-n-obta~edby@tiplti the
V/@ responseofthecontrolledairplaneby thepreviouslydetermined
@/@g resPome.
Type2 Autopilot
Thevariousresponsesoftheairplanein combinationwiththe
type2 autopilotarecalculatedinthesamebasicmannerasforthetype1
autopilotconibinationexceptforthefollowingchangesindetail.Since
thesideforceoftheairplaneis smallandsincetheairplaneis stabi-
lizedinrollby theautopilot,theroll.andlateraldisplacementsare
ignoredinrepresentingtheairplaneinyawwithcontrolsfixed.Again
v isassmedtoequal -B.. h ordertoestablishtheeffectofthe
autopilotside-forceloop,thesideforce,eventhoughitissmall,must
be calculated.
nondimension@
Ikomtheequationsofmotionitcanbe seenthatthe
sideforceis
Q
Cy= Cyp$+ Cy ~r
‘%
.
.
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Anexpressionfor ~ intermsofthecontrolled-airplaneresponseand
$g is
P= f30+Pg
=Jf3+pgP/g (Al)
Theblockdiagrsmof”figurelb(a)illustrateshowtheside-forceand
yawing-velocityfeedbacksareincludedin determining~/~g ofthecon-
trolledairplane.
Thevsriable~ isusedas aninputtotheaileronservointhe
type2 autopilot.Therefore,aneqressioncontainingthisautopilot
couplingandtheaerodynamiccouplingbetween@ and p isnecessary
to determinethe @/~g response.Theaerodynamiccouplingisincluded
aswasdoneforthecalculationftbetype1 autopilot,with P deter-
minedlytheequation(Al).Figure14illustratesthemannerof com-
biningthetransferfunctionsto determinethe @/Pg response.
Inthedeterminationoftherollresponsetorollingusts @/D@g,
theautopilotcouplingbetween~ and @ shouldbe includedaswasdone
beforeindetermfin @/~g. However,becauseoftheverysmallaerody-
namiccouplingbetween@ and ~, itwasbelievedthatthe ~/D@g
responsewouldbe verysmallandthattheyawsignaltotheailerons
couldbe neglected.Theresponseof @ to @g isobtainedfroma
single-degree-of-freedomcalculationillustratedby theblockdiagram
offigurelk(b}.Witha ‘valuefor @/D@g determined,itispossible
toobtain~/D#g ina mannersimilartothatusedforthetype1
autopilot.
Type3 Autopilot
Fortheairplaneincombinationwiththetype3 autopilot,the
block-tiagrm-mthodfcalculationfor ~/~g isidenticd.tiththatfor
theairplaneincombinationwiththetype1 autopilot.Sincetheauto-
pilotcouplingbetweensideforceandailerondeflectionisverystrong
inthiscase,itisrecognizedthattheresultinglargeangleofroll @
mightinfluencethemotioninyawresponse$ at lowfrequencies.No
methodforincludingtherolleffectcouldbe devised;and,asa result,
itistobe expectedthatthesecalculationswillshowmre errorin the
lowerrangeoffrequenciesthantheblock-diagrsmcalculationsu edin
theothercases.
— ..——. ---- ——-...—— .._—. — —— ..___ __ . _________ ._. __
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Inorderto
thecalculations
*te*e @/pg,sideforceisdeterminedaswasdonein
forthetype2 autopilot,md tms si* forceiSwed as
an inputtotheaileronse=. Therespo&eof @ oftheuncontrolled
airplaneis determinedfroma considerationofa singledegreeoffreedom
inrollaswasdoneinthecaseof thetype1 autopilot.Thesumof the
airplaneresponseof @ to ~g andtheairplaneresponsetotheaileron
deflectionwhichresultedfromtheside-forceinputandtheroll-
stabil.izationfeedbackoftheautopilotgivesthecontrolled-airplane
response.b determiningthesideforce,P isassumedtobe composed
of -V, ~g,~dthe ~cr=nt Of p resultingfromthelateralvelocity
oftheairplanethatarisesbecauseoftheroll.angle.Theblockdiagrsm”
representingtheanalysisisshowninfigure15(a).
Thesimplifiedblock-diagrammethodof calculatingtheresponsesto
rollingusts(fig.15(b))isthesameasfortheairpknein combination
withthe@_pe1 autopilot.
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TABLEI.-
NACA
cwTllRIsmcsOFAIRPLmEUSEDINCAUXIATIONS
Physical characteristics:
Weight,lb . . . . . . . . . . . . . . . . . . . .
Radiusofgyration*outX-axiskx,ft . . . . .
Radiusof gyrationaboutZ- q, ft . . . . .
Wingcma,sqf t...... . . . . . . . . . . .
Verticaltailsxea,sq ft. . . . . . . . . . . .
Wingspan,ft. . . . . . . . . . . . . . . . . :
!t’aillength,ft. . . . . . . . . . . . . . . . .
Distancefromthrustlinetacenter
ofzmRofverticaltail,ft . . . . . . . . . .
FldghtCOditi_:
Airspeed,ft/sec.. . . . . . . . . . . . . . . .
Altitude,ft.. . . . . . . . . . . . . . . . .
Machnwikr . . . . . . . . . . . . . . . . . . .
Nondhensionaldata:
v l . l . . l . . . . . . . .. . l l . . .. l .
lx.. . . . . . . . . . . . . . . . . . . . . . .
l=. . . . . . . . . . . . . .“.. . . . . . . . .
KX2’.. . . . . . . . . . . . . . . . .. . . . .
@ . . . . . . . . .. . . . . . . . . . . . . .
K= . . . . . . . . . . . . . . . . . . . . . . .
CL. . . . . . . . . . . . . . . . . . . .. . . .
Aeroaynamlcpsramet rs:
Sideforce Yawing
Cy%b.”...m.m %b . . ...4.055
Cy . . . . . -0.53
Pt c%t. .””. O.lm
Cy oD~..”.. C%p..... 0
%
. . . . . 0
C%wb. . . . .‘0.03
c#”””” .-0.*5 c%# . . . . .0“0147
Cy
Qt. ”..
. -o.@o Cn 0.0204~t . . . . .
Cy%.. . ..”.a c%. ”.” .4.0*
cy6 . . . . . o %6 .. ””. 0
a a
Cyr . . . . . 0.45
c% “.. ..4”147
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. ..”... . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
. . . . . . . . .
m @3
M,&K)
4.30
7.91
250
35.2;
15
5.32
695j!io,ocu)
0.7
50
0.42
O.1.lz!
. . . . . . . . . 0.01485
.. . . . . . . . o.0y34
.. . . . . . . .0.00362
.. . . . . . . . 0.242
Rolling
C%b . . . . . ‘“.u
cl fit.””. . -0.05
cl oD~.....
cl -0.45
pwb..”..
Cow...”::”:
cl
DPt”..” “
cl% . . ..”0”w6
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a
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)?Wb
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Figure2.-Fighterairplaneusedin investigation.
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Figure3.- Sampleblockdiagramillustratingmethodof calculationf
gustresponseoftheairpl.qne-autopilotcombination.
33
.-a
.
\
fJJ\
-la
100x10’
10“
I
.1‘
.01-
D(
—
.00I
.000t
.01 II
W,radians/span
-1 I
n, cycles/see
Figure4.-Powerspectrsldensityof sidegusts
presentinactualturbulence.(Vslueshown
Constantl/A isa nondimensionalintensity
sltitudeandmeteorologicalconditions.)
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(a) Side gusts. (b)Rollingusts.
Figure5.-Responseto gustsofthedz’planewithcontrolsfixed.
M = 0.7;altitude,30,000feet.
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Figure6.- Responseto gustsof
type1 autopilot.M =
(b)Ro~@ fysts.
thesikplaneinccmibinationwiththe
O.7; altitude,30,00Qfeet.
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(a) Side gusts. (b) Ro~w gusts.
Figure 7.- Respo~eto gustsoftheairplanein co~inationwiththe
type 2 autopilot. $=23j M. O.7; altitude, 30,000 feet.
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Figust8.-Responseto gustsoftheatrplaneincombinationwiththe
—
type 2 autopilot. ~=114; M = O.7; sltitude,30,000feet.
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Figure.9.- Responseto gustsoftheairplaneficombinationwiththe
type3 autopilot.M = O.7;sltitude,30,000feet.
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(a) kirplane with controlB fixeC1.
Figqe 10.- Power spectral density of the mtion of the airpleme in
response to side gusts and rolling gusts.
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(b) Airplane in coribinationwith (c) Mrplane in combinationwith
type 1 autOpllOt. ty-pe2 au’mpild. ~ = 23.
Figure 10.- Contimed.
,
-1-1
.0
0+ raclh6/span
(d) Airplane in combination wtth , (e) Airplane in combination with
type 2 autopilot. ?$ = 114. type3 autopilot.
Figure 10.- Concluded.
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.J?lgme 11.- Vexiation of heading with heading comand for the airplane
,-.--—in coiubhatlonwith each of the three autopilots. M = O.7; altitude,
E
‘.’- 30,000-feet.
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Fi&nq 12.- Verlation of course with hee.d.imgcommand for the airplane
Ln combination with the three autopilots. M = 0.7;altitude,
30,000 feet.
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Figure 13. - Slnipllfiedtransfer-functionmethod of calculating gust
req?onse of dqd.ane in combinationwith we 1 autopilot.
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FigU-e 14.- Simplified transfer-functionmthad of calculating gust
response of airplane in corlbinatf.onwith type 2 autopilot.
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Figure 15.- Ekbn@ified transfer-functionmethod of calculating gust
reqxmee of airplane in combhation with type 3 autopilot.
